In the 22L prion strain-infected Neuro2a (N2a)-3 cells, a subclone of N2a neuroblastoma cell 52 line, or GT1-7, a subclone of the GT1 hypothalamic neuronal cell line, granular PrP Sc stains 53 were observed at the perinuclear regions and cytoplasm, whereas unique string-like PrP Sc 54 stains were predominantly observed on the surface of the 22L strain-infected primary cerebral 55 neurons. Only 14% of PrP Sc in the 22L strain-infected N2a-3 cells were positive for mAb 8D5, 56 indicating that most of the PrP Sc in N2a-3 lack the N-terminal portion. In contrast, nearly half 57
Introduction 64
Transmissible spongiform encephalopathies, also known as prion diseases, are fatal 65 neurodegenerative disorders in humans and animals, which are caused by the infectious agent 66 called prions. The pathological hallmarks of prion diseases include microglial activation, 67 astrogliosis, and accumulation of abnormal isoform of prion protein (PrP Sc ) in the central 68 nervous system. PrP
Sc is generated from a host-encoded cellular isoform of prion protein 69 
1998). The generation of PrP
Sc is believed to be strongly associated with prion propagation 71 and neurodegeneration in prion diseases (Mallucci et al., 2003) . Therefore, the clarification of 72 the cellular mechanism of PrP Sc formation would be useful. 73
Cell biological studies using immortalized neuronal cell lines such as Neuro2a (N2a) 74 neuroblastoma and GT1 hypothalamic neuronal cells have greatly contributed to the 75 elucidation of the cellular mechanism underlying prion propagation. Earlier studies suggested 76 that PrP Sc is generated from mature PrP C expressed on the cell surface and that the PrP that after the inoculation of prions, newly generated PrP Sc appeared on the cell surface, early 84 endosomes, and late endosomes of N2a cells (Yamasaki et al., 2014a) . These cell biological 85 studies suggest the intracellular vesicular compartments to be the major sites for PrP Sc 86 formation, whereas it was reported that PrP Sc formation occurs on the cell surface within a 87 minute (Goold et al., 2011) . On the other hand, ultrastructural studies using the brains of 88 prion-infected mice showed that PrP Sc was frequently detected on the plasma membranes of 89 neuropils but occasionally in the intracellular vesicles (Godsave et immunocytochemical staining (Taraboulos et al., 1990 (Fig. 1a) . As expected, mAb 139
detected PrP
Sc in ScN2a-3-22L cells, which were a subclone of Neuro2a mouse the following experiments, 10-min GdnSCN pretreatment was performed unless otherwise 156 specified. 157 Fig. 1(b) shows double immunofluorescent staining of PrP Sc in ScN2a-3-22L cells using 158 mAbs 132 and 8D5. In ScN2a-3-22L cells, mAb 132 detected bright granular PrP Sc signals at 159 perinuclear regions as previously described (Yamasaki et al., 2012) . In contrast, mAb 8D5 160 showed relatively faint granular PrP Sc signals in ScN2a-3-22L cells (Fig. 1b, arrowheads) . 161
Although some granular PrP
Sc signals detected by mAb 132 merged with those by mAb 8D5 162 (Fig. 1b, arrow) , the majority of granular PrP Sc stains by mAb 132 did not appear to be 163 co-localized with those by mAb 8D5. The results of the detailed colocalization analysis are 164 described later (see Fig. 6 ). 165
The same double immunofluorescent staining was carried out on ScGT1-7-22L cells. 166
MAb 132 showed perinuclear granular stains of PrP Sc ; however, the granular signals appeared 167 to be scattered to cytoplasm compared with ScN2a-3-22L cells (Fig. 1c) . MAb 8D5 appeared 168 to detect greater number of PrP Sc granules in ScGT1-7-22L cells than in ScN2a-3-22L cells. 169
PrP
Sc granular stains detected by mAb 8D5 were scattered to the cytoplasm and some 170 granules with intense fluorescence were observed at the peripheral region of cytoplasm, 171 possibly proximate the plasma membranes (Fig. 1c, arrowheads) . PrP Sc detected by mAbs 132 172 and 8D5 was partly but not extensively merged (Fig. 1c, arrows) . 173 174
Neuron-enriched primary cultures from mouse cerebra 175
Cells isolated from the cerebra of mouse embryos were abundant in neurons and 176 contained a few glial cells (Fig. 2b , e.g., 7 days in vitro [div] , cytosine arabinoside [Ara-C] 177
[−]). However, in the absence of Ara-C, glial fibrillary acidic protein (GFAP)-positive 178 astrocytes readily increased by 14 div (Fig. 2b) . Ara-C treatment at 0.25 µM from 4 to 7 div 179 and following treatment at 0.125 µM from 7 to 11 div successfully suppressed the appearance 180 of GFAP-positive astrocytes up to 28 div; only a few astrocytes were found in Ara-C-treated 181 cultures until 28 div. The result of GFAP expression in immunoblot analysis also 182 demonstrated the successful reduction of astrocytes (Fig. 2c) . A neuron-specific protein, 183 βIII-tubulin, was detected from primary neuronal cultures in the presence or absence of Ara-C 184 by immunoblot analysis (Fig. 2c ). Lower levels of GFAP but higher levels of βIII-tubulin in 185
Ara-C-treated primary neuronal cultures at each time point also indicated that the Ara-C 186 treatment by the indicated schedule securely resulted in the enrichment of neurons in the 187 primary neuronal cultures. We designate this culture as primary cerebral neurons (CNs) in the 188 description below. 189
190

PrP
Sc generation in CNs 191
The CNs at 7 div were exposed to microsomes as described in the section of Materials 192 and Methods. Four days after the exposure, the medium was replaced with fresh, Ara-C-free 193 Neuronal Medium to remove inocula (Fig. 2a) . The CNs at 0, 7, 14, 21, 28, and 35 days post 194 infection (dpi) were subjected to immunoblot analysis for proteinase K (PK)-resistant PrP Sc
195
(PrP-res) detection (Fig. 3a) . PrP-res was detected in cells exposed to three different prion 196 strains from at least 7 dpi. In CNs infected with 22L or Chandler strain, PrP-res levels 197 increased up to 21 dpi, demonstrating prion propagation. In Obihiro strain-infected CNs, the 198 PrP-res level was lower than CNs infected with other two prion strains. No PrP-res was 199 detected in mock-infected CNs. were evident during the later stage of infection (Fig. 3b, arrows) . 207
208
PrP
Sc -specific double immunostaining of prion-infected CNs using mAbs 132 and 8D5 209
To characterize the string-like PrP Sc stains in prion-infected CNs that were detected by 210 mAb 132 (Fig. 3b) , PrP Sc -specific double immiunostaining was performed with mAbs 132 211 and 8D5. In 22L or Chandler strain-infected CNs (at 14 dpi), string-like PrP Sc stains (Fig. 4,  212 closed arrows) were detected by both mAbs 132 and 8D5, and they were partly merged ( Fig.  213 4, arrowheads). In addition to string-like PrP Sc stains, granular PrP Sc stains single positive for 214 mAb 132 were observed at neurites but hardly at somas (Fig. 4, open arrows) . The string-like 215
PrP
Sc stains were evident but less obvious in Obihiro strain-infected CNs compared with 22L 216 or Chandler strain-infected CNs. 217
Since PrP
Sc stains in prion-infected CNs appeared at the plasma membranes or 218 extracellular space, living CNs were incubated with Alexa Fluor 488-conjugated mAb 8D5 219 and subjected to microscopic examination to confirm whether the string-like PrP Sc is present 220 on the cell surface (Fig. 5) . The CNs infected with 22L, Chandler, or Obihiro strains at 14 dpi 221 were incubated with mAb 8D5 and were directly subjected to microscopic observation 222 without fixation, permeabilization or denaturation. String-like and granular-like stains of 223
PrP
Sc similar to those in fixed cells ( CNs infected with the 22L strain than in ScN2a-3-22L cells. To assess the differences in 235 detail, quantitative analysis of PrP Sc populations was performed based on the reactivity with 236 mAbs 132 and 8D5 (Fig. 6) . In ScN2a-3-22L cells, only 6.6 % of the total PrP Sc signals in 237 cells were positive for both mAbs (Fig. 6b) . In contrast, the proportion of double-positive 238
Sc appeared to be higher in ScGT1-7-22L cells and prion-infected CNs than in 239 ScN2a-3-22L cells; 18.9% in ScGT1-7-22L cells and 13.5%-24.9% in CNs infected with 240 three different prion strains. In ScN2a-3-22L cells, 92.3% of PrP Sc were positive for mAb 132 241 (Fig. 6c , red and yellow bars), whereas only 14.3% were positive for mAb 8D5 (Fig. 6c, green  242 and yellow bars). The proportion of PrP Sc population detected by mAb 132 in CNs infected 243 with the 22L prion strain (78.9%) was significantly lower than that in ScN2a-3-22L cells (Fig.  244 6c, p< 0.05). Conversely, nearly half of PrP Sc was positive for mAb 8D5 in CNs infected with 245 22L prion strain (46.0%), which was significantly higher than that in ScN2a-3-22L cells (Fig.  246 6c, p<0.01). Although no difference was observed in the proportion of mAb 132-positive 247
Sc between ScN2a-3-22L and ScGT1-7-22L cells (88.8%) or between ScGT1-7-22L and 248
CNs infected with the 22L prion strain, the proportion of mAb 8D5-positive PrP Sc in 249 ScGT1-7-22L cells (30.2%) was significantly higher than in ScN2a-3-22L cells, but lower 250 than in CNs infected with 22L prion strain (Fig. 6c, p< 0.05) . 251
252
Biochemical properties of PrP molecules in cells 253
PrP Sc -specific immunofluorescence staining revealed differences in staining pattern of 254
PrP
Sc among cell types, particularly between ScN2a-3-22L cells and ScGT1-7-22L cells or 255
CNs infected with the 22L strain. To address the differences, we performed immunoblotting 256 to detect total PrP (both PK-sensitive and PK-resistant PrP) without PK treatment (Fig. 7a) . 257
The level of the full length PrP was apparently lower in ScN2a-3-22L cells than in N2a-3 258 cells. In contrast, GT1-7 and ScGT1-7-22L cells, and CNs and CNs infected with the 22L 259 strain had comparable amount of full length PrP. These results suggest that ScN2a-3-22L cells 260 have a higher N-terminal processing activity and that the cells produce the N-terminal 261 truncated PrP Sc that lacks the epitope for mAb 8D5. This idea is consistent with the results of 262
Sc -specific immunofluorescence staining: PrP Sc stains positive for mAb 132 were more 263 evident than those positive for mAb 8D5 in ScN2a3-22L cells (Fig. 1a) . By contrast, mAb 264
8D5 seemed to detect PrP
Sc efficiently in ScGT1-7-22L cells (Fig. 1d ) and CNs infected with 265 the 22L strain (Figs 4 and 5) . 266
To analyze PrP
Sc recognized by mAb 8D5, PrP Sc was immunoprecipitated from GT1-7 267 cells with mAb 8D5 and then subjected to immunoblotting with mAb 110, which recognizes 268 the epitope in the octapeptide repeat region (Fig. 7b) . PrP bands were detected only in the 269 precipitates from ScGT1-7-22L cells, demonstrating the PrP Sc -specificity of 270 N2a-3 and GT1-7 cells infected with 22L prion strain (Fig. 1b and c observed on the surface of CNs; however, a few intracellular granule-like PrP Sc stains were 338 observed in the CNs (Fig. 4) . Taken together, the differences in PrP Sc stains suggest that the 339 and the period of treatment. In the current study, we showed that temporary treatment of 357 Ara-C successfully reduced astrocyte proliferation and enabled us to keep CNs up to 4 weeks 358 after prion inoculation (Fig. 2) . The CNs supported prion propagation with various prion 359 strains including Obihiro strain that is not propagated well in N2a-3 and GT1-7 cells (Uryu et 360
al., 2007). Difference in PrP
Sc stains in CNs infected with Obihiro strain (Fig. 4) may be 361 partly due to a biochemical difference of PrP Sc among prion strains. Furthermore, 362
PrP
Sc -specific double staining using mAbs 132 and 8D5 suggested that CNs share the same 363 mechanism for prion propagation with neurons in central nervous system. The presence of 364
Sc at neurites in the CNs is of interest, because neurodegeneration in prion diseases is 365 reported to be initiated at axonal terminals (Gray et al., 2009), dendrites (Fuhrmann et al.,  366 2007) or synapses (Jeffrey et al., 2000) rather than at the soma of neurons. Thus, 367 neuron-enriched primary cultures used in the current study will be an invaluable ex vivo 368 model for analyzing the mechanism of neurodegeneration caused by prion infection. to cultures at 4 div. The Ara-C concentration was reduced by half accompanying the prion 417 infection at 7 div, following which cultures were maintained in Ara-C free Neuronal Medium 418 after 11 div (see Fig.2a) . 419
Inocula containing prions were prepared from brains of mice infected with the 22L, 420
Chandler, or Obihiro prion strains (all are mouse-adapted scrapie prions) at the terminal stage 421 of the disease, and brains of age-matched, uninfected ICR mice were used as a control. The 422 brains were homogenized in sterile PBS at a concentration of 10% w/v. The homogenates 423 were sonicated for 3.5 min and centrifuged at 3,000 × g for 10 min at 4 °C. The resulting 424 supernatant was centrifuged at 100,000 × g for 60 min at 4 °C, and the pellet containing 425 microsomes was suspended in sterile PBS. The amount of PrP-res in the material was 426 quantified by immunoblot analysis using purified PrP-res as a standard (Yamasaki et al., 427 2014a) . Primary neuronal cell cultures at 7 div were exposed to the inocula equivalent to 5 ng 428 of PrP-res per 1.0 × 10 5 cells by replacement of half of medium in each well. The medium 429 was completely replaced by fresh Neuronal Medium at 4 dpi that corresponds to 11 div (see 430 Fig. 2a) . 431
Immunoblot analysis 433
Neurons cultured on 24-well plastic plates were washed with PBS and treated with 200 434 µl of lysis buffer (0.5% TritonX-100, 0.5% sodium deoxycholate, 150 mM NaCl, 5 mM 435 EDTA, and 10 mM Tris-HCl [pH 7.5]) for 30 min at 4 °C. The cells were then lysed by one 436 cycle of freeze-thaw and subsequent pipetting. The lysate was clarified by centrifugation at 437 2,000 × g for 5 min at 4 °C. Protein concentration of the lysates was measured using a DC 438 protein assay kit (Bio-Rad) and adjusted to 0.3 mg ml -1 . For detection of PrP-res, PK were 439 added to the lysates at a final concentration of 4% to the amount of total protein and incubated 440 at 37 °C for 20 min. PK digestion was terminated by the addition of Pefabloc (Roche) to 1 441 mM, and the lysates were then treated with 50 µg DNase I ml -1 at RT for 15 min. Precipitation 442 
